have been shown to potentiate AMPA receptor currents in hippocampal neurons (Greengard et al., Baltimore, Maryland 21205 1991; Wang et al., 1991; McGlade-McCulloh et al., 1993; Wang et al., 1994) , while intracellular perfusion of PKC has been shown to potentiate NMDA receptors in spinal Summary cord neurons (Chen and Huang, 1992 phosphorylation sites has been difficult and controverpotentiation of the peak current through GluR1 homosial. Glutamate receptor subunits were originally promeric channels. In addition, protein kinase C specifiposed to have the same transmembrane topology as cally phosphorylates Ser-831 of GluR1 in HEK-293 the subunits for other ligand-gated ion channels, such cells and in cultured neurons. These results are conas the nicotinic acetylcholine receptor and the GABA A sistent with the recently proposed transmembrane toreceptor, with a large N-terminal extracellular domain, pology models of glutamate receptors, in which the four transmembrane domains (TM1-TM4), and an extra-C-terminus is intracellular. In addition, the modulation cellular C-terminus. All of the phosphorylation sites on of GluR1 by PKA phosphorylation of Ser-845 suggests the nicotinic and GABA A receptor subunits have been that phosphorylation of this residue may underlie the localized to the major intracellular loop between TM3
Introduction gion. Site-specific mutagenesis techniques combined with electrophysiological or biochemical techniques Ionotropic glutamate receptors are ligand-gated ion have identified phosphorylation sites on the major loop channels that mediate the majority of rapid excitatory between TM3 and TM4 of kainate and AMPA receptor neurotransmission in the mammalian CNS (Seeburg, subunits (Raymond et al., 1993a; Wang et al., 1993; Yakel 1993; Hollmann and Heinemann, 1994) . In addition, gluet al., 1995; Nakazawa et al., 1995) . In contrast, the tamate receptors are critical for various forms of synapmajority of phosphorylation sites on the NR1 subunit of tic plasticity, such as long-term potentiation (LTP) and the NMDA receptor were found on the C-terminal dolong-term depression (LTD) , that are well-established main of the NR1 subunit (Tingley et al., 1993) . Since paradigms for the study of the cellular basis of learnregions containing phosphorylation sites are generally ing and memory (Bliss and Collingridge, 1993; Linden, thought to be intracellular and accessible to protein 1994). Glutamate receptors have been classified based kinases, this data was inconsistent with the originally on their pharmacological and physiological properties proposed transmembrane topology model (Tingley et as ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionate al., 1993) . Immunocytochemical studies demonstrating (AMPA) receptors, kainate receptors, and N-methyl-Dthat the C-terminus of GluR1 was intracellular (Molnar aspartate (NMDA) receptors. Recent molecular cloning et al., 1993) , as well as studies identifying glycosylation studies have shown that ionotropic glutamate receptors sites on the loop between TM3 and TM4 in GluR6 (Roche are oligomeric complexes of homologous subunits (Seeet al., 1994a; Taverna et al., 1994) also suggested that burg, 1993; Hollmann and Heinemann, 1994 ) that comglutamate receptors are members of a distinct superbine to form AMPA (GluR1-4 or A-D), kainate  family of ligand-gated ion channels. More recent studies KA1-2), and NMDA (NR1; NR2A-D) receptors. using a variety of techniques have lead to the proposal of Protein phosphorylation is well accepted as a primary a new transmembrane topology model that is consistent mechanism in the regulation of cellular function (Krebs, with most of the available data (Wo and Oswald, 1994; and recent studies have shown that protein phosHollmann et al., 1994; Stern-Bach et al., 1994 ; Bennett phorylation modulates glutamate receptors and may unand Dingledine, 1995; Wood et al., 1995) . However, the derlie some forms of synaptic plasticity (Raymond et al., 1993b; Roche et al., 1994b; Nicoll and Malenka, 1995) .
experiments identifying phosphorylation sites on the loop between TM3 and TM4 of kainate and AMPA receptor subunits are not consistent with this model (Raymond et al., 1993; Wang et al., 1993; Yakel et al., 1995; Nakazawa et al., 1995) . We have previously described the phosphorylation of the AMPA receptor subunit GluR1 in primary neuronal cultures, as well as in HEK-293 cells transiently expressing GluR1 (Blackstone et al., 1994) . In neurons, GluR1 is basally phosphorylated on a single major phosphopeptide. Treatment of neuronal cultures with either forskolin and IBMX to activate PKA, or phorbol esters to activate PKC, regulated phosphorylation of the GluR1 protein (Blackstone et al., 1994) . In addition, synaptic activity increased the phosphorylation of the GluR1 protein in a manner similar to PKC activation (Blackstone et al., 1994) . In this study, a variety of biochemical techniques were used to further characterize the multiple sites of phosphorylation on the AMPA receptor GluR1 subunit, and the physiological effect of phosphorylation of these sites was examined. We have determined that the basal and regulated phosphorylation sites of the 627 and Ser-658, which have previously been reported (A) The GluR1 subunit was immunoprecipitated, resolved by SDSto be sites of AMPA receptor phosphorylation (Yakel et PAGE, and visualized by autoradiography. al., 1995; Nakazawa et al., 1995) . These data are consis- between TM3 and TM4 is extracellular and that the (E) A schematic of the two dimensional phosphopeptide maps is C-terminus is intracellular. In addition, our results demshown.
onstrated that PKA phosphorylation of Ser-845 on the C-terminus of GluR1 potentiates its response to gluta- Figure 1E . With the exception of phosphopeptide 7, all mate, suggesting that phosphorylation of this residue of these phosphopeptides have been observed premay mediate PKA modulation of AMPA receptor funcviously in GluR1 isolated from cortical neurons in culture tion in neurons. (Blackstone et al., 1994) . Moreover, phosphorylation of phosphopeptide 5 was also regulated by forskolin in Results neurons. In contrast, phorbol esters barely increased the phosphorylation of phosphopeptides 3, 4, and 6 in To examine the phosphorylation of the recombinant HEK cells, while phorbol esters clearly increased phos-AMPA receptor GluR1 subunit, HEK-293 cells were phorylation of these sites in neurons (Blackstone et al., transfected with GluR1 cDNA, prelabelled with [ 32 P]-1994) . Apparently, phosphopeptides 3, 4 and 6 are basorthophosphate, and the GluR1 subunit immunoprecipially phosphorylated in HEK-293 cells, which suggests tated with anti-GluR1 antibodies. As reported previously that these peptides are phosphorylated by significant (Blackstone et al., 1994) , the GluR1 subunit migrated basal PKC activity (Tingley et al., 1993) or by another on SDS-PAGE as a 106 kDa protein, and was basally constitutively active kinase. phosphorylated ( Figure 1A ). The phosphorylation of To identify the phosphorylation sites, we used siteGluR1 could be significantly increased by treatment of directed mutagenesis to mutate potentially phosphorythe cells with forskolin and IBMX (53%) or phorbol esters lated amino acid residues. However, our initial attempts (16%) (Blackstone et al., 1994) . To characterize this to localize these sites were based on the originally prophosphorylation further, the GluR1 protein was excised posed transmembrane topology models, and we therefrom the gel, digested with trypsin, and subjected to fore mutated several serine residues in the loop between two-dimensional phosphopeptide mapping (Huganir et TM3 and TM4, including S627A, S650A, and S658A. al., 1984) . Tryptic phosphopeptide maps of GluR1 proNone of these mutations had any detectable effect on tein isolated from HEK-293 cells demonstrated that it the phosphorylation of GluR1 in the presence of forwas basally phosphorylated on at least five distinct reskolin, IBMX, and TPA, as analyzed by phosphopeptide producible tryptic phosphopeptides (phosphopeptides map analysis. Because of the evolving models of the 1, 3, 4, 6, and 7, Figure 1B) . Phosphorylation of phosphotransmembrane topology of glutamate receptors, we peptide 2 was weak and highly variable. Treatment of the decided to generate chimeric proteins between AMPA cells with forskolin induced phosphorylation of GluR1 on receptor subunits to narrow down the intracellular doa novel phosphopeptide (phosphopeptide 5, Figure 1C) , mains that contained the phosphorylated residues of while TPA treatment resulted in a slight increase in phosGluR1. Our early results demonstrated that the phosphorylation of phosphopeptide 4 ( Figure 1D ). A schematic diagram of these phosphopeptides is shown in phopeptide maps of the AMPA receptor GluR1 and Schematic of the GluR2/GluR1 chimeras E8 and C14. Both of the chimeras consist of the N-terminus of GluR2 and the C-terminus of GluR1, with the majority of the protein being GluR2. The E8 chimera is almost entirely GluR2, with only the C-terminal 130 amino acids Figure 3 . Phosphorylation of the GluR1, GluR2, and GluR2/GluR1 of GluR1. The expanded region of the C-terminus of the E8 chimera Subunits Transiently Expressed in HEK-293 Cells shows the amino acid sequence of the C-terminus of GluR1. The HEK-293 cells transfected with GluR1, GluR2, or the GluR2/GluR1 solid bar indicates TM4, the closed triangles indicate the serine chimera cDNA or mock transfected were prelabelled with 2 mCi/ml residues mutated to alanine residues, and the closed circles indicate GluR2 and GluR1 at various locations throughout the proteins. We analyzed the phosphorylation of two GluR2/GluR1 chimeras containing switch points within GluR1, contained all of the phosphopeptides seen in the loop between TM3 and TM4 ( Figure 2) . Specifically, the wild-type GluR1 phosphopeptide map ( Figure 3D ). the chimeras examined had the following switch points:
Phosphopeptide maps of the other GluR2/GluR1 chi-C14 (Phe654; Phe655); E8 (Asn760;Lys761). mera (C14), with a switch point at a different position The wild-type GluR1 (GluR1 WT), wild-type GluR2 within the loop between TM3 and TM4, yielded similar (GluR2 WT), or the GluR2/GluR1 chimeras were exresults (data not shown). pressed in HEK-293 cells, prelabelled with [ 32 P]-orthophosphate, and treated with forskolin, IBMX, and TPA to activate PKA and PKC. The GluR1 WT, GluR2 WT, or
Phosphorylation of Ser-845
Using the information that all of the GluR1 phosphorylathe chimeric GluR2/GluR1 subunit (E8) was immunoprecipitated, resolved by SDS-PAGE, and visualized by aution sites were contained within the GluR2/GluR1 chimera containing only TM4 and the C-terminus of GluR1, toradiography ( Figure 3A) . The GluR1 WT, GluR2 WT, and the GluR2/GluR1 chimera (E8) proteins were phoswe proceeded to use site-directed mutagenesis to determine which residues in this region of GluR1 were phorylated and migrated on SDS PAGE with apparent molecular weights of approximately 106 kDa. Mock phosphorylated. From previous work, we knew that most of GluR1 phosphorylation was on serine residues transfected cells subjected to the same protocol have no phosphorylated proteins apparent on the autoradio- (Blackstone et al., 1994) . The phosphorylation of the mutants was then examined in HEK-293 cells, as degram. The phosphorylated GluR1 WT, GluR2 WT, and GluR2/GluR1 chimeric subunits were isolated from the scribed above. Analysis of phosphopeptide maps of a mutant where Ser-845 was changed to an alanine resigel and analyzed by tryptic phosphopeptide mapping. The phosphopeptide maps of the GluR1 WT and the due (GluR1 S845A) demonstrated that this mutation specifically eliminated phosphopeptide 5 (Figures 4A and GluR2 WT subunits are distinct with no apparent phosphopeptides in common ( Figures 3B and 3C ). The phos-4B). This same phosphopeptide, which is phosphorylated in the wild-type protein in response to forskolin, phopeptide map of the GluR2/GluR1 E8 chimera, including only the 130 C-terminal amino acid residues of is also phosphorylated in primary neuronal cultures that proximately 9 msec, resulting in a small (5%-10%) steady-state plateau current ( Figure 5A ). This response had all of the characteristics of homomeric GluR1 AMPA receptors (data not shown). Under our recording conditions, in the presence of Mg 2ϩ and ATP the amplitude and kinetics of the glutamate-gated currents were stable for at least 30 min after establishing the whole-cell configuration.
To examine the functional effect of GluR1 phosphorylation by PKA, purified PKA was perfused into the recording pipette after stable baseline recordings were obtained. Intracellular perfusion of PKA resulted in a 40% potentiation of the peak amplitude of the wholecell glutamate-gated current ( Figures 5A and 5B ). This potentiation developed over 15 min after introduction of PKA into the pipette, and then remained stable for the duration of the recording. No change in the rate of desensitization or in the steady state response was seen following the addition of PKA. The specificity of the PKA effect was demonstrated using PKI5-24 amide, a specific peptide inhibitor of PKA. No potentiation of the ure 5B). and 5B). This result provides direct evidence that and the phosphopeptides were visualized by autoradiography.
phosphorylation of Ser-845 on GluR1 by PKA potentiates its response to glutamate. have been stimulated with forskolin and IBMX (Blackstone et al., 1994) .
Phosphorylation of Ser-831 To confirm that Ser-845 is directly phosphorylated by Analysis of another mutant of GluR1 where Ser-831 was PKA, we constructed glutathione-S-transferase (GST) changed to an alanine residue (GluR1 S831A) demonfusion proteins of the C-terminus of GluR1 WT and the strated that this mutation resulted in the specific eliminaGluR1 S845A mutant. Purified fusion proteins were tion of phosphopeptides 3, 4, and 6, which are normally phosphorylated in vitro with purified PKA and then anapresent in GluR1 WT ( Figures 6A and 6B ). The fact that lyzed by tryptic phosphopeptide mapping. The resulting phosphorylation of Ser-831 of GluR1 results in an array phosphopeptide map of the GluR1 WT C-terminal fusion of phosphopeptides on phosphopeptide maps of GluR1 protein had two prominent phosphopeptides (Figure is most likely due to partial tryptic digestion of the phos-4C). One of these phosphopeptides appeared identical phorylated GluR1, as is commonly seen in tryptic phosto the forskolin-regulated phosphopeptide (phosphophopeptides (Tingley et al., 1993) . While these phosphopeptide 5) seen in transfected HEK-293 cells or in neupeptides appear to be highly phosphorylated when rons, while the other was not seen in situ. Mutation of GluR1 WT is expressed in HEK-293 cells, previous reSer-845 to alanine within the fusion protein specifically sults have shown that these same phosphopeptides are eliminated phosphorylation of phosphopeptide 5, with regulated by phorbol esters or by synaptic activity in no effect on the phosphorylation of the other site seen cultured cortical neurons, suggesting that Ser-831 may in vitro ( Figure 4D ), strongly suggesting that Ser-845 is be phosphorylated by PKC in neurons (Blackstone et directly phosphorylated by PKA in HEK-293 cells and al., 1994) . neurons in situ.
To examine whether PKC could directly phosphoryThe physiological effect of PKA phosphorylation of late this site, we examined in vitro phosphorylation of Ser-845 was investigated in transiently transfected HEKa C-terminal GST-fusion protein of GluR1 WT and the 293 cells, using whole-cell patch clamp recording techGluR1 S831A mutant by purified PKC. The phosphoryniques. Fast perfusion of glutamate onto the transfeclated fusion proteins were then analyzed by tryptic phosted HEK-293 cells resulted in the rapid activation of phopeptide mapping. The resulting phosphopeptide an inward current that desensitized in the conmaps of wild-type fusion protein contained phosphopeptides corresponding to phosphopeptides 1, 3, 4, and tinued presence of agonist with a time constant of ap- HEK-293 cells transfected with either wild type, or S845A mutant GluR1 were voltage clamped at Ϫ60 mV in standard whole-cell clamp mode. At the times indicated, 0.2 mM glutamate was applied for 50 msec via a gravity-driven fast perfusion system. Purified PKA (20 g/ml), control buffer, or PKA plus PKI (500 g/ml) was infused via the patch pipette at the indicated time, and recordings were continued for an additional 23 min. (A) The two representative experiments of the effect of PKA perfusion on the glutamate-gated currents in cells transfected with wild-type (top) or S845A (bottom) GluR1 are shown. Calibration bars are 10 msec and 100 pA. (B) The mean Ϯ SEM for a series of recordings similar to those depicted in (A) as a function of time after PKA perfusion. Closed square: wild-type GluR1 treated with PKA (n ϭ 12); closed circle: wild-type GluR1 treated with control buffer (n ϭ 11); upright closed triangle: wildtype GluR1 treated with PKA ϩ PKI (n ϭ 4); inverted closed triangle: S845A treated with PKA (n ϭ 9). The P values represent a Student's t-test comparison of the peak currents elicited by glutamate in wild-type GluR1-transfected cells with a combination of the three controls at the indicated time points. Similar significance was seen with the raw data or with a log transformation of the data. Figure 6C ), in addition to two prominent phosphopepreceptor function or due to altered surface expression of the mutant receptor is not clear. We are presently tides that are not seen in situ. In contrast, the phosphopeptide map of the GluR1 S831A mutant C-terminal fuattempting to characterize the endogenous kinase to further investigate this effect. sion protein was specifically missing phosphopeptides corresponding to phosphopeptides 3, 4, and 6 ( Figure  6D ). Although phosphorylation of phosphopeptide 1 and the two other fusion protein-specific phosphopeptides Other Phosphorylation Sites In spite of the fact that the chimera data demonstrated was less in the mutant fusion protein than in the wildtype fusion protein in this experiment, phosphopeptides that all of the phosphorylation sites are on the C-terminus of GluR1, we have not yet been able to identify the 3, 4, and 6 were not detectable even in long overexposures of this autoradiogram. These results suggest that sites of phosphorylation that correspond to phosphopeptides 1 and 7. In addition to the GluR1 S831A and Ser-831 may be directly phosphorylated by PKC in neurons in situ.
(
GluR1 S845A mutants, we have constructed and screened many other GluR1 single point mutants on We could not directly examine the physiological effect of phosphorylation at Ser-831, given its apparent high the C-terminus, including S814A, S816A, S818A, S839A, S850A, S855A, S863A, S872A, and S877A (Figure 2 ). The level of basal phosphorylation in transfected HEK-293 cells. However, when expressed in HEK-293 cells, the phosphorylation of each of these single point mutants was analyzed by phosphopeptide mapping, and the reGluR1 S831A mutant responded to rapidly applied glutamate in a similar manner to wild-type GluR1, with the sulting phosphopeptide maps were indistinguishable from GluR1 WT peptide maps. Several of the predicted exception of an overall reduced peak current (Table 1) . Other properties of the mutant receptor, such as desentryptic phosphopeptides of the C-terminus of GluR1 contain more than one serine residue; therefore, these sitization rate, steady-state current, and current rundown in the absence of ATP were unchanged. Whether peptides could be multiply phosphorylated and mutation of a single serine residue may not eliminate phosthe difference in peak currents between wild-type GluR1 and the GluR1 S831A mutant were due to changes in phorylation of these phosphopeptides. We are currently and GluR1 S831A (D) C-terminal GST-fusion proteins. The fusion proteins were phosphorylated with purified PKC, resolved by SDS-PAGE, excised from the gel, and digested with trypsin. The digested peptides were resolved in two dimensions on TLC plates, and the phosphopeptides were visualized by audioradiography.
examining double and triple mutants to identify the seraddition to experiments using primary neuronal cultures, ine residues contained within phosphopeptides 1 and 7.
PKA has been shown to potentiate AMPA currents in oocytes expressing recombinant receptors consisting Discussion of the GluR1 and GluR3 subunits (Keller et al., 1992) . Although there is general agreement that PKA moduProtein phosphorylation appears to be a central mechalates AMPA receptors, there are conflicting reports connism for the regulation of glutamate receptor function cerning the biochemical evidence that PKA directly (Roche et al., 1994b) . For example, there is substantial phosphorylates AMPA receptor subunits. Previous evidence that glutamate receptors are modulated by studies in our laboratory have shown that forskolin treat-PKA phosphorylation. Early studies demonstrated that ment of neuronal cultures or HEK-293 cells stimulates dopamine-mediated increases in cAMP lead to a potenphosphorylation of the AMPA receptor subunit GluR1 tiation of kainate responses in white perch retinal hori- (Blackstone et al., 1994) . In contrast, another study rezontal cells. Moreover, directly injecting PKA into these ported no evidence of phosphorylation of GluR1 by puricells mimicked the effect of dopamine and cAMP (Knapp fied preparations of PKA in vitro or by PKA in neurons and Dowling, 1987; Liman et al., 1989 (Blackstone et al., 1994; Tan et al., 1994 McGlade-McCulloh et al., 1993) . pressed in Xenopus oocytes (Yakel et al., 1995) . Mutawild-type and GluR1 S831 were performed. An alternating series of tion of Ser-627 (S627A) contained within a CaM-KII 10 cells of each type were voltage clamped at Ϫ60 mV and 0.2 mM consensus site in the major loop between TM3 and TM4 glutamate applied by rapid perfusion for 50 msec. The characteristics of the response of each receptor to glutamate were quantitated eliminated this potentiation (Yakel et al., 1995) . This reand are displayed in Ser-627 in GluR1-modulated AMPA receptors. However, outside of the cell ( Figure 7B ) (Roche et al., 1994a; Taverna et al., 1994) . Most recently, several groups using a variety of techniques have proposed a new transmembrane topology model with an extracellular N-terminus, three transmembrane domains, and an intracellular C-terminus ( Figure 7C ) (Wo and Oswald, 1994; Hollman et al., 1994; Stern-Bach et al., 1994; Bennett and Dingledine, 1995; Wood et al., 1995) . This model places the entire loop between TM3 and TM4 on the extracellular side of the membrane. Studies identifying phosphorylation sites on the loop between the TM3 and TM4 of AMPA (Yakel et al., 1995; Nakazawa et al., 1995) and kainate (Raymond et al., 1993a; Wang et al., 1993) receptors are inconsistent with this model. Owing to the lack of clarity concerning the transmembrane topology of ionotropic glutamate receptors, we initially used chimeric receptors to define the region of GluR1 that is phosphorylated, and then followed this analysis with site-specific mutagenesis. Using GluR2/ GluR1 chimeras, we demonstrated that all GluR1 phosphorylation sites characterized in neurons and in transfected HEK-293 cells are located on the final 130 amino acids of GluR1. Using site-directed mutagenesis, we determined that PKA phosphorylated Ser-845 on the C-terminus of GluR1. We also demonstrated that Ser-831 on the C-terminus of GluR1 is phosphorylated by a constitutively active kinase in HEK-293 cells. We have previously shown that phosphorylation of this site is increased by phorbol ester treatment of neurons or by synaptic activity (Blackstone et al., 1995) . To confirm the results obtained from GluR2/GluR1 chimeras and GluR1 point mutants expressed in HEK-293 cells, GSTfusion proteins were constructed of the C-termini of GluR1 WT and the mutant GluR1 subunits. Phosphorylation of these fusion proteins confirmed that PKA and PKC phosphorylate Ser845 and Ser831, respectively, in vitro. AMPA receptor subunits, consistent with the two re-(B) A more recent model with an extracellular N-terminus, five transcently proposed transmembrane topology models (Figmembrane domains, and an intracellular C-terminus (Seeburg et al., ures 7B and 7C). Although our data does not definitively 1993; Roche et al., 1994; Taverna et al., 1994) . differentiate between these two proposed models, none (C) The most recently proposed model with an extracellular N-termiof the sites that we have characterized on GluR1 are nus, three transmembrane domains, and an intracellular C-terminus (Wo and Oswald, 1994; Hollman et al., 1994; Sternbach et al., 1994;  located on the loop between TM3 and TM4. Recent Bennett and Dingledine, 1995; Wood et al., 1995) . P indicates locastudies have provided evidence that GluR1 is phosphortion of phosphorylation sites on GluR1.
ylated on Ser-627 and Ser-658, which are both contained within this loop (Yakel et al., 1995; Mc Kanza et al., 1995) . However, in the experiments described here, no biochemical analysis was performed to confirm this site-specific mutagenesis of Ser-627 or Ser-658 had no conclusion.
apparent effect on the phosphopeptide maps of GluR1. The identification of phosphorylation sites on glutaIn addition, although Ser-627 has been suggested to be mate receptor subunits has been difficult, since many phosphorylated by CaMKII, coexpression of either wildmutagenesis studies have been based on the originally type or a constitutively active form of CaM Kinase II with proposed transmembrane topology ( Figure 7A ). In fact, GluR1 in HEK-293 cells had no detectable effect on studies demonstrating that the C-terminus of the NR1 phosphorylation of GluR1 analyzed by phosphopeptide protein was phosphorylated by PKC suggested that this maps (K. W. R., A. M., and R. L. H., unpublished data). region was intracellular (Tingley et al., 1993) . This result, Finally, physiological recordings from transfected combined with experiments mapping glycosylation sites HEK-293 cells provided direct evidence that PKA phosin the kainate receptor GluR6 subunit, lead to the phorylation of Ser-845 potentiates the peak response proposal of an alternative model with an intracellular of GluR1 to its agonist. Given the widespread distribution of GluR1 at post-synaptic endings and in neuronal C-terminus and part of the loop between TM3 and TM4 Phosphorylation and Immunoprecipitation of Wild-Type dendrites in hippocampal neurons (Craig et al., 1993;  and Mutant GluR1 Expressed in HEK-293 Cells Eshhar et al., 1993; Roche and Huganir, 1995) Wang et al., 1991; Rosenmund et al., 1994) . forms of synaptic plasticity (Raymond et al., 1993b;  with IP buffer with 1% Triton X-100, two times with IP buffer with 1% Triton X-100, and high salt (650 mM NaCl), and finally twice with Roche et al., 1994b) .
IP buffer alone. The immunoprecipitate was eluted from the protein A Sepharose by boiling the beads in SDS-PAGE sample buffer for Experimental Procedures 3Ј. The sample was then analyzed on an 8% polyacrylamide gel and visualized by autoradiography. Materials Aprotinin was purchased from Mobay Biochemical. Restriction enFusion Proteins zymes were purchased from New England Biolaboratories. Cellulose
Glutathione-S-transferase (GST) fusion proteins consisting of the TLC plates were from Kodak. Radioisotopes were obtained from C-termini of wild-type and mutant GluR1 were constructed by PCR New England Nuclear. Forskolin (Coleus forskohlii), phorbol 12-myamplification of the C-termini using the following primers: 5Ј sense ristate, 13-acetate (TPA), and 3-isobutyl-1-methylxanthine (IBMX) strand (5Ј-GCGGATCCGAGTTCTGCTACAAATCC-3Ј ) and the 3Ј were obtained from Calbiochem. All other chemicals were obtained antisense primer (5Ј-ACCATGAATTCCGGCACTGAAGGGCTTGGGfrom Sigma Chemical Company, unless otherwise indicated. 3Ј). The PCR primers had Bam HI and Eco RI sites incorporated at the 5Ј and 3Ј ends, respectively, thereby allowing subcloning into the Bam HI and Eco RI sites of the fusion protein vector pGEX 2T GluR2/GluR1 Chimeras (Pharmacia). The fusion proteins were purified essentially following GluR2/GluR1 chimeras were constructed according to a previously the protocol of the manufacturer (Pharmacia). Briefly, the vectors published protocol (Moore and Blakely, 1994) . Xho I and Xba I linkers were transformed into bacteria, and 100 ml cultures were allowed were ligated to cDNAs encoding GluR1 and GluR2, respectively, to grow for 1.5 hr at which point they were then induced with 0.5 and the resulting inserts ligated into either Xho I or Xba I sites of mg/ml IPTG. The cells were allowed to grow for 4 hr following inducpBluescript SK-(pBS). The final construct consisted of GluR2 and tion, and then lysed in PBS containing: 5 mM EDTA, 1 mM DTT, GluR1 both in pBS in a head-to-tail tandem configuration. The reand 10 u/ml Aprotinin, sonicated, and Triton X-100 added to a final sulting construct was digested with Sal I and Hind III, resulting in concentration of 1%. The lysate was then shaken on ice for 30-60 linearization of the plasmid at a site in between the GluR1 and GluR2 min, and the insoluble fraction was removed by centrifugation for inserts. The linearized DNA was transformed into bacteria and the 20 min at 6000 rpms in a Sorvall HS-4 rotor. The solubilized sample resulting colonies were screened for chimeras. The resulting chimewas adsorbed to glutathione agarose (Pharmacia) for 1 hr at 4ЊC, ras all consist of GluR2 at the 5Ј end and GluR1 at the 3Ј end (see washed with the remaining lysis buffer five times, then eluted with Figure 2 ), with the switch points of each chimera occurring at a 10 mM reduced glutathione. All the eluted fractions were dialyzed region of high sequence identity between GluR1 and GluR2. The overnight against TBS. The protein concentration was estimated by chimeras generated have switch points at various points in the analysis of aliquots on sodium dodecyl sulfate-polyacrylamide gel GluR1 sequence. The exact mechanism underlying the chimera forelectrophoresis (SDS-PAGE) gels. mation is unknown. For more technical details, see Moore and Blakely, 1994 . The switchpoint of the chimeras were identified by Fusion Protein Phosphorylation DNA sequencing and are Phe654;Phe655 for C14 and Asn Phosphorylation of fusion proteins by PKA was performed in 10 mM 760;Lys761 for E8. The numbering of the amino acids is based on Hepes (pH 7.0), 20 mM MgCl 2 , 50mM ATP (20,000 cpm/pmol) with the mature protein sequence (Hollmann et al., 1989) .
45 ng of purified PKA (Reimann and Beham, 1983 ) in a final volume of 100 l. Phosphorylation of the fusion proteins by PKC was perSite-Directed Mutagenesis formed in 10 mM Hepes (pH 7.0), 10 mM MgCl 2, 800 M CaCl2, 500 Mutagenesis was performed using single-stranded DNA mutageneg/ml phosphatidyl Ser, 5 g/ml diolein, 50 mM ATP (20,000 cpm/ sis techniques (Kunkel et al., 1987) . The following primers were used pmol) with 6 ng of purified PKC (Woodgett and Hunter, 1987) in a to produce the following mutants: GluR1 S845A (5Ј-TCCTGCCCCAG final volume of 100 l. All in vitro phosphorylation reactions included CGTTCCGGGG-3Ј) and GluR1 S831A (5Ј-TTCATTGATGGCTTGCTG approximately 1 g of fusion protein substrate. The reactions were TGG-3Ј).
allowed to proceed at 30ЊC for 30 min, and were stopped by the addition of SDS-PAGE sample buffer. The phosphorylated fusion protein was resolved by SDS-PAGE and then visualized by autoradiTransient Transfections of GluR1 cDNA ography. The phosphorylated proteins were excised and subjected and Other Constructs to phosphopeptide mapping, as described below. The wild-type GluR1, mutant GluR1, and the GluR2/GluR1 chimera cDNAs in CMV-driven vectors were transiently transfected into human embryonic kidney (HEK) 293 cells (American Type Culture ColPhosphopeptide Mapping After the immunoprecipitate was resolved by SDS-PAGE and visuallection CRL 1573) using the calcium phosphate coprecipitation method with 20 g of DNA/10 cm culture dish, as described preized by autoradiography, the protein of interest was excised from the gel, digested with trypsin (0.3 mg/ml), and spotted onto a thin viously (Blackstone et al., 1992b) . The cells were used for biochemical analysis 48 hr following transfection.
layer chromatography (TLC) cellulose plate (Huganir et al., 1984 Craig, A.M., Blackstone, C.D., Huganir, R.L., and Banker, G. (1993) . Cells were continuously bathed in a solution containing 135 mM
The distribution of glutamate receptors in cultured rat hippocampal NaCl, 5.4 mM KCl, 2mM CaCl2, 15 mM HEPES, 15 mM glucose and neurons: postsynaptic clustering of AMPA-selective subunits. Neu-1 mM MgCl2. The osmolarity was adjusted to 310 and the pH to 7.3.
ron 10,1055-1068. Glutamate (0.2 mM) was applied by a two solonoid fast perfusion system, as described by Raymond et al. (1993) . Cells were lifted off Eshhar, N., Petralia, R.S., Winters, C.A., Niedzielski, A.S., and Wentthe dish and positioned in front of the perfusion system for optimum hold, R.J. (1993) . The segregation and expression of glutamate rekinetics. There were two baseline recordings obtained, one at 1 min ceptor subunits in cultured hippocampal neurons. Neuroscience 57, and another at 3 min prior to addition of enzyme. At each time point, 943-964. two 50 msec pulses of glutamate were applied, separated by 15 s.
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